However, the mechanisms underlying the therapeutic effects of atropine in myopia are unknown. Previous studies have implicated the retina and choroid as potential sites of action for atropine [17] . Some in vitro studies that assessed the effects of atropine on muscarinic receptors (mAChRs) in scleral cells or tissue suggest that the sclera also is an important site of action for atropine [18, 19] . mAChRs are G protein-coupled receptors (GPCRs) that play an important role in myopic progression [19] . An important component of GPCR signal coordination in human cells is the regulator of G-protein signaling (RGS) family of proteins that was discovered to have the ability to accelerate termination of GPCR signaling, thereby reducing the amplitude and duration of GPCR effects [20] . Over 20 different mammalian RGS proteins that share a conservative RGS domain have been identified. RGS2 is the one that selectively inhibits G q -coupled receptors, including mAChRs [21, 22] , and plays important roles in regulating functions of the immune, neurologic, and cardiovascular systems [23] [24] [25] . RGS2 is also a functionally important negative regulator of cardiac fibroblast responses in the myocardium [26] . Interestingly, RGS2 exhibits dynamic changes of expression in response to various stimuli, and dysregulation of RGS2 has been implicated in many human diseases, such as hypertension, cancer, and schizophrenia [27] [28] [29] . However, the expression profile and pathological importance of RGS2 in myopic eyes are unknown.
The goal of the present study was to determine whether there were changes in RGS2 mRNA and protein expression levels in the sclera of eyes during the development of form deprivation myopia (FDM) in guinea pigs. We found a significant increase in RGS2 expression associated with loss of collagen type I in the sclera from myopic eyes. Treatment with atropine attenuated upregulation of RGS2 expression and restored collagen expression in FDM sclera. This report is the first to demonstrate a strong association of RGS2 upregulation with myopia development in an animal study. Our data suggest that upregulated RGS2 may modulate scleral remodeling by downregulating collagen expression, thus contributing to the progression of myopia. This study also provides a basis for our future studies to determine whether targeting dysregulated RGS2 provides a novel strategy for development of therapeutic agents to suppress myopia progression.
METHODS
Animal model: All procedures were approved by the Institutional Animal Care and Use Committee of Fudan University and were in adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. One hundred and twenty pigmented guinea pigs (2-weeks old) from the Animal Experiments Laboratory (Fudan University, Shanghai, China) were randomly assigned to four groups. Biometric measurements were performed among the four groups before any intervention was done. In the normal group (n = 30), the guinea pigs were reared without any intervention. In the FDM group (n = 30), the guinea pigs were raised with a diffuser placed over the right eye for 4 weeks. In the FDM + atropine group (n = 30), the guinea pigs were raised with a diffuser placed over the right eye and an intravitreal injection of atropine solution was administered. In the FDM + saline group (n = 30), the guinea pigs were raised with a diffuser placed over the right eye and an intravitreal injection of sterilized saline was administered. The diffuser was then removed from the animals and biometric measurements were performed immediately.
Intravitreal injection of atropine:
The animals were anesthetized by intramuscular injection of ketamine hydrochloride (37.5mg kg −1 , Ketolar; Pfizer, New York, NY) and xylazine hydrochloride (5 mg kg −1 , Rompun; Bayer AG, Germany). Additionally, 0.4% oxybuprocaine hydrochloride (Santen, Japan) was topically instilled. A monocular intravitreal injection (7 µl) of a freshly prepared atropine sulfate solution (10 mg/ml -1 ) or saline was administered every 3 days with a 0.03-mm needle (30G) for 4 weeks. The dosage of atropine was chosen on the basis of previous work in chicks [30] , and our initial studies indicated that the atropine dosage used in this study was sufficient to inhibit the development of myopia in guinea pigs. After intravitreal injection, genticin ointment was applied to the injected area to prevent infection.
Biologic measurements: Biometric measures included refraction, anterior chamber depth (ACD), lens thickness (LT), and axial length (AL). The measurements were done as described previously [31] . In brief, refractive errors were measured using a hand-held streak retinoscope; all errors referred to spherical-component refractive error, defined as mean refractive error in the horizontal and vertical meridians. ACD, LT, and AL of eyes were measured by A-scan ultrasonography (11 MHz; Optikon Hiscan A/B) while animals were anesthetized with topical oxybuprocaine hydrochloride. AL of the eye was defined as the distance from the front of the cornea to the front of the retina. Ocular refraction and axial ocular dimensions were collected at the start and end of the experiment.
Hematoxylin and eosin staining: Eyes were collected and fixed in 10% phosphate-buffered formalin for 24 h (n = 10 eyes/group). Subsequently, eyes were embedded in paraffin. Marks were made at the 12 o'clock position on the corneal limbus. Sections (4 µm) were made from the marks in the anterior-posterior axis and stained with hematoxylin and eosin (H&E). The sections were examined under a light microscope (BX41; Olympus, Japan), and photomicrographs were obtained with an Olympus DP20 digital camera (Olympus). The H&E staining results shown in the figures were generated from ten different guinea pigs, and the images shown in the figures are representative of 40 H&E staining pictures per group (four per guinea pig). We measured the scleral thickness in areas 0.5 mm from the optic nerve in the superior, inferior, nasal, and temporal planes in each sample. Measurements were obtained with Soft Cell A Imaging Software for Life Science Microscopy (Olympus).
Tissue preparation for real-time PCR and western blot:
The animals were euthanized with a lethal dose of chloral hydrate. The eyes were enucleated and cut perpendicularly to the anterior-posterior axis, approximately 1 mm posterior to the ora serrate, using a razor blade under a surgical microscope (Topcon, Tokyo, Japan). The anterior segment of the eye was discarded. The posterior sclera was excised using a 7-mm diameter trephine, and the head of the optic nerve was discarded. The sclera was snap frozen in liquid nitrogen and stored at −80 °C.
Real-time PCR:
The procedures for real-time-PCR were described previously [32] . In brief, total RNA was isolated using the phenol-chloroform extraction method of Chomczynski et al. [33] . β-actin was used as the internal control. Sequences were obtained from the GenBank database. The primers are listed in Table 1 . All experiments were performed at least three times, and the products were confirmed by sequencing using TaKaRa. The relative changes in gene expression were analyzed using the 2 -ΔΔCT method described by Livak et al. [34] and normalized to the internal control β-actin. The fold change from the control group was calculated by the 2 -ΔΔCT . ΔΔC T =(C T, RGS2 -C T, beta-actin )Treatment group -(C T,RGS2 -C T beta-actin )Control Group. mRNA expression was normalized and expressed as the fold change from the control group. Specificity of real time-PCR was checked by analyzing melting curves.
Western blot: Protein was extracted from frozen sclera by using ice-cold extraction buffer (0.01 M Tris-HCl at pH 7.4, 0.15 M NaCl, 1% weight/volume Triton X-100, 0.1% sodium dodecyl sulfate , 1% deoxycholic acid, 1mM ethylene diamine tetraacetic acid) as well as protease inhibitors (1 µM pepstatin, 1 µg/ml leupeptin, and 0.2 mM phenylmethanesulfonyl fluoride). Samples (30 µg) were electrophoresed and subjected to western blot using RGS2, collagen type I, and β-tubulin antibodies as described shortly [12] . The membranes were incubated overnight with primary antibodies at a 1:100 dilution (mouse anti RGS2; 100 μg ml -1 , Santa cruz, Dallas, TX) and 1:1000 dilution (rabbit and collagen type I; 1mg ml -1 , Abcam , Cambridge, MA) at 4 °C in blocking solution. The membranes were then washed three times with TBST and incubated with a horseradish peroxidase-conjugated secondary antibody (goat anti-mouse for RGS2 and goat anti-rabbit for collagen type Iat a 1:5000 dilution (1 mg ml -1 , Abmart, Shanghai, China) for another 1 h at room temperature. The membranes were again washed three times with TBST. The reaction products were visualized with BeyoECL Plus western blotting detection reagents (Beyotime Institute of Biotechnology, Haimen, China). Images were captured with a Fuji Film LAS3000 imaging system and analyzed with MultiGauge software (FujiFilm, Tokyo, Japan). β -tubulin (Kang Chen, China) was used as a housekeeping protein to normalize protein loading. The results of protein expression were normalized and expressed as the fold change from the control group.
Statistical analysis:
All values are shown as mean±standard error of the mean (SEM). Differences between two groups were determined with paired or unpaired Student t tests. A difference at p<0.05 was considered statistically significant. Statistical analysis was performed using the SPSS 15.0 statistical software (IBM, Chicago, IL). 
RESULTS

Confirmation of phenotypic changes induced by form deprivation:
There were no significant differences in refraction, ACD, LT, or AL among groups of guinea pigs before the start of the experiments ( Table 2 ). The mean sphere refraction in FDM eyes (−1.28±0.09 D; n = 30,) was significantly more myopic than that in either the contralateral control eyes (+2.15±0.12; n = 30, p<0.05) or age-matched normal eyes (+2.10±0.73; n = 30, p<0.05; Table 3 ). There was no significant difference in refraction between control and normal eyes. The mean interocular difference in refraction for form deprivation animals (best sphere of deprived eye minus control eye) was −3.38 D, which was significantly more myopic than that of untreated animals (interocular difference +0.02 D). The AL of FDM eyes was elongated relative to that in the normal eyes by 0.26 mm (p<0.05; n = 30). Other parameters, such as AC and LT, showed no significant differences between the two eyes of the same animal after form deprivation and between the same eyes of different animal, as previously reported [35] ( Table 3) .
Scleral collagen type I downregulation induced by form deprivation: H&E staining indicated posterior scleral thinning in treated eyes of the FDM group compared to those of the normal group ( Figure 1 ). The scleral thickness was measured from photomicrographs, using a calibrated stage micrometer. The scleral thickness was significantly thinner in the posterior pole region of FDM eyes compared to normal eyes (Figure 1 ; 98±7.7 µm versus 136±8.5 µm, p<0.05, n = 10). Since the thinned sclera in high myopia is associated with loss of collagen type I, we compared expression levels of collagen type I mRNA and protein between FDM and normal eyes. Real time-PCR analysis showed a significant 50% decrease in posterior scleral collagen type I mRNA expression in the FDM eyes compared to the normal eyes (n = 10, p<0.05; Figure 2A ). Western blot analysis indicated that the collagen type I protein level was also significantly decreased Figure 2B ; n = 10, p<0.05).
Scleral regulator of G-protein signaling 2 upregulation
induced by form deprivation: RGS2 has been reported to suppress collagen synthesis in fibroblasts [26] . Therefore, we analyzed effects of FDM on scleral RGS2 mRNA and protein expression. Real time-PCR showed that the scleral RGS2 mRNA level was significantly increased two-fold in the FDM eyes compared to normal eyes ( Figure 3A ; n = 10, p<0.05).
Western blot also showed a significant 1.8-fold increase of RGS2 protein expression in the sclera of FDM eyes compared to normal eyes ( Figure 3B ; n = 10, p<0.05).
Atropine treatment inhibits myopia progression: As shown in Table 3 Similarly, atropine treatment also partially attenuated FDMinduced elongation of ocular AL (8.14±0.06 mm versus 8.30±0.14 mm; n = 30, p<0.05). These results indicate that atropine treatment significantly inhibits myopia progression in experimental animals. There were no significant differences in refraction and elongation of the contralateral control eyes between atropine-and saline-treated FDM animals ( Table 3) .
Effects of atropine treatment on collagen production and regulator of G-protein signaling 2 gene expression in the sclera of form deprivation myopia eyes:
We next examined the effects of atropine treatment on posterior scleral thinning in eyes of the FDM animals. As shown in Figure 4 , the sclera was significantly thicker in the posterior pole region in the atropine-treated group as compared to the saline control group (112±6.5 µm versus 87±5.8 µm; n = 10, p<0.05). In contrast, no significant differences were observed in posterior Western blot analysis of collagen type I protein expression level in guinea pig sclera (inset), analyzed by measuring band density and normalized to β-tubulin (n = 10 samples in each group). mRNA and protein expression levels were normalized and expressed as fold change (ratio of treated group to normal eye group). Data shown are mean±SEM. Statistical analysis was performed on the mean data using a Student t test, *p<0.05 compared to the control. scleral thickness of the contralateral control eyes between atropine-and saline-treated FDM animals (135±5.5 µm versus 134±6.3 µm; n = 10).
Compared to saline control, atropine treatment significantly increased collagen type I mRNA expression ( Figure  5A ; n = 10, p<0.05) and protein expression ( Figure 5B ; n = 10, p<0.05) in the sclera of FDM eyes by 2.3-fold and 1.4-fold, respectively. Interestingly, treatment with atropine also significantly decreased RGS2 mRNA expression ( Figure  5C ; n = 10, p<0.05) and protein expression ( Figure 5D ; n = 10, p<0.05) in the sclera of FDM eyes by about 30%.
DISCUSSION
Scleral remodeling due to loss of collagen type I is an important mechanism underlying the development of myopia. Atropine, a nonselective muscarinic antagonist, is currently used as an off-label treatment for myopia, but the mechanism underlying this therapeutic effect remains unknown. This report is the first to demonstrate a strong association of upregulation of RGS2, a modulator of muscarinic receptors, with collagen downregulation and myopia development in FDM experimental animals. More importantly, our data demonstrated that RGS2 upregulation in the sclera induced by method and normalized to β-actin as described in the Methods (n = 10 samples in each group). B: Western blot analysis of RGS2 protein expression level in guinea pig sclera (inset), analyzed by measuring band density and normalized by β-tubulin (n = 10 samples in each group). mRNA and protein expression levels were normalized and expressed as fold change (ratio of treated group to normal eye group). Data shown are mean±SEM. Statistical analysis was performed on the mean data using a Student t test, *p<0.05 compared to the control. form deprivation could be partially attenuated by treatment with atropine, which is consistent with the increase of scleral collagen expression and amelioration of myopia in FDM animals. These results suggest a new mechanism underlying atropine treatment of myopia.
RGS proteins belong to a diverse protein family that has the ability to accelerate signal termination in response to GPCR stimulation, thereby reducing the amplitude and duration of GPCR effects. RGS protein expression can be modulated by GPCR ligands and second messengers in vivo and in vitro. This seems especially pertinent for RGS2, a selective inhibitor of G q -coupled receptors, including mAChRs [21, 22] , in as much as its expression is rapidly and substantially increased in response to neuronal activity [36] , second messengers [37] , and certain cellular stressors, such as heat shock, oxidative stress [36, 38] , and ischemia [39] . Therefore, we used form deprivation, a well-established model for excessive eye elongation and myopia, to induce myopia in guinea pigs and compared the scleral RGS2 expression levels between the FDM eyes and normal control eyes. Under our experimental condition, myopic change and axial length growth were found in the FDM eyes of guinea pigs compared to both the contralateral eyes and normal eyes during an observation period of 4 weeks. These results are consistent with previous findings [40] . We also found that RGS2 mRNA and protein levels were significantly increased in the sclera of FDM eyes compared with normal eyes. Mammalian sclera is a fibrous connective tissue consisting of 90% heterologous collagen fibrils that comprise mainly collagen type I. Our data showed that upregulation of RGS2 was associated with downregulation of collagen type I expression in FDM eyes. Interestingly, a previous study showed that RGS2 inhibits Figure 5 . Effects of atropine treatment on collagen type I and Regulator of G-protein signaling 2 (RGS2) expression in the sclera of form deprivation myopia (FDM) eyes. Real-time-PCR analysis of collagen type I (A) and RGS2 (C) mRNA expression levels in the sclera of guinea pigs. Data were analyzed by the 2 -ΔΔC T method and normalized to internal control β-actin as described in the Methods (n = 10 samples in each group). Western blots of collagen type I (B) and RGS2 (D) protein expression levels in the sclera of guinea pigs (top panels), analyzed by measuring band density and normalized by the internal control β-tubulin (n = 10 samples in each group). mRNA and protein expression levels were normalized and expressed as fold change (ratio of atropine group to saline group). Data shown are mean±SEM. Statistical analysis was performed on the mean data using a Student t test, *p<0.05 compared to the saline control. the production of collagen type I in the myocardium and functions as an important negative regulator of angiotensin II-induced fibroblast response [26] . Since the fibroblast is the only cell type in the sclera that produces scleral collagens [41] , by analogy it seems likely that upregulation of RGS2 could inhibit collagen production in scleral fibroblasts. Thus, our results suggest that the upregulation of RGS2 expression may contribute to loss of collagen type I in the sclera during development of myopia.
There are many studies showing the localization of muscarinic cholinergic receptors within the eye, the effects of muscarinic agents on scleral remodeling, and the possible sites of action of such agents [19, 42] . mAChRs are a group of neurotransmitter-activated GPCRs. Five distinct receptor genes (CHRM1-CHRM5) have been cloned, each encoding a muscarinic receptor protein 1-5 (M1-M5) with specific pharmacological properties [43] . Atropine has been found effective in clinical trials with children in preventing myopia progression [15, 16] . This drug has also been tested in studies using animal models of myopia and was found to block axial elongation during the development of FDM [44] . Our data confirmed that atropine treatment attenuated the FDMinduced changes of refraction, AL, and scleral remodeling, suggesting that the progression of myopia in guinea pigs is inhibited by atropine treatment.
Previous studies showed that atropine may be able to change collagen structure and production of scleral extracellular proteins during myopia development in animal models [45] . Since RGS2 can inhibit the production of collagen [26] , we investigated whether treatment with atropine could affect the upregulation of RGS2 expression induced by form deprivation, thus regulating the production of collagen in the sclera of myopic eyes. Indeed, RGS2 expression levels in the sclera of atropine-treated FDM eyes were 30% lower than that in saline-treated FDM eyes. This result is consistent with a 1.4-fold increase of scleral collagen type I expression seen in atropine-treated FDM eyes as compared to that in the saline-treated group. We did not directly compare the expression levels of scleral RGS2 and collagen type I between atropine-treated FDM eyes and normal eyes; thus, we could not exclude the possibility that there may be some yoking effects. However, since there was about a 1.8-fold increase of RGS2 and 45% reduction of collagen type I in FDM eyes as compared to normal eyes, it seems likely that atropine treatment, at least, partially attenuated alterations of scleral RGS2 and collagen type I in FDM eyes. As expected, atropine treatment increased the scleral thickness of FDM eyes from 87±5.8 µm to 112±6.5 µm, indicating atropine inhibition of scleral thinning in FDM eyes, whereas no significant differences were observed in scleral thickness of the contralateral control eyes between atropine-and saline-treated FDM animals. We note that the sclera in the FDM eyes of the atropine-treated group was still thinner than their contralateral control eyes (135±5.5 µm) or normal eyes (136±8.5 μm). Interestingly, the mean sphere refraction of the FDM eyes in the atropine-treated group (+1.32±0.19) was improved as compared to that in saline-treated FDM animals (−1.37±0.08) but was still more myopic than their contralateral control eyes (+2.14±0.39). Thus, atropine treatment may only partially prevent form deprivation-induced scleral remodeling and the progression of myopia in guinea pigs, and altered regulation of RGS2 may be one of the underlying mechanisms. In fact, Song et al. [46] reported that muscarinic receptor activation with carbachol results in elevations in RGS2 mRNA levels and pretreatment with atropine blocked the carbachol-induced increase of RGS2 mRNA expression in human neuroblastoma. Therefore, it is possible that FDM induces excessive muscarinic receptor activation, which in turn causes RGS2 upregulation to trigger a feedback pathway to restrain the effects of muscarinic receptor stimulation in the sclera of animal eyes. Under physiologic conditions, endogenous RGS2 should be able to tightly control signaling mediated by muscarinic receptors. However, under pathological situations, such as FDM, it is possible that even upregulated RGS2 may not be sufficient to attenuate excessively activated muscarinic receptor signaling. As an antagonist, atropine should effectively block excessive muscarinic receptor signaling, thus preventing the progression of myopia. Since intravitreal injection of a relatively high dose of atropine (1%) was used to prevent myopia in guinea pigs in our studies, the sclera could be one site of action. Atropine treatment could attenuate muscarinic receptor activation, thus downregulating scleral RGS2 expression to prevent scleral remodeling. In the present study we focused on the sclera because scleral remodeling is an important mechanism for the development of myopia, and our initial study showed a significant upregulation of scleral RGS2 in myopic eyes. However, there is strong evidence from experimentally induced animal myopia that the myopiagenerating signal begins at the retina [47] . It is possible that the inhibition of myopic changes in the sclera by atropine may simply reflect attenuation of the myopia-generating signal since atropine can act on various sites in the eye in addition to the sclera. In fact, previous studies have also implicated the retina and choroid as potential sites of action for atropine [17] , and intravitreal injections of atropine should deliver the highest drug concentrations to the retina. Although changes in scleral expression levels of RGS2 and collagen type I were observed in atropine-treated eyes, we could not rule out the possibility of downstream effects involving other signaling molecules in addition to an effect on scleral muscarinic receptors. Relatively high doses of atropine are widely used to prevent myopia in experimental animal studies [48] , but a recent study showed that a dose of atropine of 0.01% seems to be a safe and effective regimen for slowing myopia progression in children [16] . It would be interesting to further examin the therapeutic effects of intravitreally applied atropine in our experimental model at doses below functional levels in sclera. Moreover, to fully understand the mechanisms underlying the therapeutic effects of atropine in myopia, further studies are necessary to determine the impact of atropine treatment on RGS2 expression in the retina and choroid of myopic eyes.
In summary, the expression of RGS2 was increased in the posterior sclera of guinea pigs in the FDM eyes; this was associated with a decrease of collagen in the FDM sclera. Treatment with atropine attenuated upregulation of RGS2 expression and restored collagen type I expression in FDM sclera. Since RGS2 plays an important role in cellular collagen homeostasis, our data suggest that upregulated RGS2 may modulate scleral remodeling by downregulating collagen type I expression, thus contributing to myopia progression. Atropine treatment may downregulate scleral RGS2 expression to prevent scleral remodeling. We and our collaborator are currently investigating whether RGS2 knockout will ameliorate pathological features of myopia in mice. This study will form a basis for our future studies to determine whether targeting dysregulated RGS2 provides a novel strategy for controlling myopia progression.
